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Quantum dot light-emitting diodes (QD-LEDs) are considered as competitive candidate for next-generation displays or lightings.
Recent advances in the synthesis of core/shell quantum dots (QDs) and tailoring procedures for achieving their high quantum yield
have facilitated the emergence of high-performance QD-LEDs. Meanwhile, the charge-carrier dynamics in QD-LED devices, which
constitutes the remaining core research area for further improvement of QD-LEDs, is, however, poorly understood yet. Here, we
propose a charge transport model in which the charge-carrier dynamics in QD-LEDs are comprehensively described by computer
simulations. The charge-carrier injection is modelled by the carrier-capturing process, while the effect of electric fields at their
interfaces is considered. The simulated electro-optical characteristics of QD-LEDs, such as the luminance, current density and
external quantum efficiency (EQE) curves with varying voltages, show excellent agreement with experiments. Therefore, our
computational method proposed here provides a useful means for designing and optimising high-performance QD-LED devices.
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Inorganic colloidal quantum dots (QDs) are a class of nanomater-
ials promising for emissive components of light-emitting diodes
(LEDs), owing to their excellent colour saturation, colour tunability,
high photoluminescence quantum yield and thermal and
electrical stabilities1–4. By virtue of the superior properties of
QDs as emissive components, the electroluminescence-based
quantum-dot light-emitting diodes (QD-LEDs) have emerged as
next-generation lighting devices for smart displays and lighting
systems with high brightness, low operating voltage and ultimate
colour properties5–7. Recently, there have been considerable
experimental efforts to improve the electro-optical performance
of QD-LEDs, and the state-of-the-art QD-LEDs device shows as
high as ~20% external quantum efficiency (EQE) for red, green and
blue colours with more than 10,000 cdm−2 luminance8–18.
The remarkable achievement of recent QD-LED devices largely
relies on the extensive study on QD nanoparticles and the
development of property-optimisation procedures via, e.g.,
engineering core/shell structures and QD surface/ligands19–22.
The primary aim of the activities was to reduce the source of non-
radiative transitions that deteriorates the photoluminescence
properties of QDs. The theoretical understanding and experi-
mental methodologies for unravelling non-radiative transition
processes for QDs suffice to achieve nearly 100% of photolumi-
nescence quantum yield of QDs16,23. Hence, the systematic
procedures for developing highly efficient QDs seem to be well
established. In contrast, from a device point of view the inspection
of individual device components, and its intimate connection to
device performance, are relatively much more challenging to be
performed experimentally. Consequently, there is a lack of
detailed knowledge about device-specific charge-carrier dynamics
across QD-LEDs, which is nevertheless essential for characterising
and tailoring device performance. Given the complexity of
involved physical parameters, therefore, employing a computer
simulations appears to be unavoidable.
In fact, many of solid-state LEDs, or organic LEDs, have been
developed with the aid of electro-optical simulations based on
computational charge transport models24–28. The charge transport
model for QD-LEDs, however, requires extra consideration of
charge-carrier injection and tunnelling processes between a QD
and charge transport layer, and between QDs in the emissive layer
(EML), respectively: very few such models have been reported to
date. A noteworthy charge transport model that has provided a
simulation basis for studying QD-LED device was proposed by
Kumar et al., and then employed by Vahabsad et al. to simulate
the electro-optical properties of QD-LEDs29–31. Here, they
described, for the first time, charge injections from a transport
layer to QD layer in terms of a charge capturing process and
charge transport between QDs mediated by a direct interparticle
tunnelling process. With their charge transport model, carrier
distributions and current densities as a function of bias voltage
were analysed by varying physical constants such as Shockley-
Read-Hall (SRH) recombination lifetime and radiative recombina-
tion strength. However, this model lacks a proper description of
charge injection occurring at QD layers: for instance, a considera-
tion of the dependence of capturing coefficient on applied bias
voltage was absent, which resulted in inaccurate prediction of
threshold voltage. Moreover, in the recombination process of
electron–hole pairs, they considered only radiative and SRH non-
radiative recombination processes without accounting for the
Auger recombination, the dominant non-radiative process at high
operational voltages, even though the behaviour of EQE–voltage
curve has long been known to critically depend on the Auger
recombination process4,16,18,32–37. These oversimplifications ren-
der the aforementioned model inappropriate for reliably predict-
ing the electro-optical characteristics of QD-LEDs, such as current
densities or EQE values as a function of applied voltage.
In this study, we introduce a rigorous charge transport model
designed for comprehensively simulating the charge-carrier
transport across QD-LED devices, in which the electric-field-
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dependent capture process and Auger non-radiative recombina-
tion are taken into account. With this simulation model,
quantitative information on the distribution of charge carrier
densities, electrostatic potentials, as well as radiative and non-
radiative recombination rates, could be obtained. The electro-
optical characteristics, such as luminance, current densities and
EQE curves with varying applied voltages, are also analysed by
computer simulations from which the key device parameters for
high-performance QD-LEDS are identified. A set of red, green and
blue QD-LEDs are fabricated, and their electro-optical character-
istics are emulated to validate our charge transport
simulation model.
RESULTS
Basic concept of modelling
The device architecture used for the modelling of charge transport
in QD-LED is schematically illustrated in Fig. 1a. The device is
configured to the conventional stack structure of the hole
injection layer (HIL), hole transport layer (HTL), emission layer
(EML) and electron transport layer (ETL) sandwiched between
anode and cathode electrodes15. The EML is treated as a stack of
M number of QD layers. As depicted in Fig. 1a, the holes and
electrons supplied from a voltage source are transported through
the HIL/HTL and ETL, respectively, and are injected into the QD
layer. Then, electron–hole pairs are confined to the QD particles,
and photons in the visible range are generated by the radiative
recombination process of the electron–hole pairs. In order to
simulate carrier densities for each QD layer, a single mesh point
centred at each QD layer is employed in this study as shown in
Fig. 1a. This is because the centre of each QD can be considered as
a localised charge-trap site for charge injection from transport
layers. Moreover, the charge transport between two QDs can be
adequately described by a direct tunnelling process between two
charge carriers confined within a potential well of each QD
layer29,30. These charge transport mechanisms are based on a
charge-hopping process, which takes place in materials (such as
QDs) where a distance between two localised sites (or particles) is
larger than an order of ~1 nm. With this assumption, the charge
transports can be calculated with a single mesh point represent-
ing a localised state of each QD layer38,39.
Figure 1b shows the schematic pathways for possible current
flow across the QD-LED devices. The charge transports across the
device can be described by three types of hole and electron
currents: (i) the drift-diffusion current densities JpD and JnD in the
HIL/HTL and ETLs; (ii) tunnelling current densities JpT and JnT
between two neighbouring QD layers, and; (iii) injection current
densities JpI and JnI between the QD layer and charge transport
layers. Among the current densities depicted in Fig. 1b, the
injection current densities of the majority carriers JpI and JnI, which
are associated with charge capture process between the QD layer
and charge transport layers, are described by Eq. (1)29,40. Here, the
charge injection by minority carriers is neglected under the
forward bias condition.










pH NQD  pQ1ð Þ;










nE NQD  nQ2ð Þ:
(1)
Here, q is the electric charge of a proton, and rQD is the radius of
QD. πrQD2 is the cross-sectional area of the QD, and σp and σn are
relative capture cross-sections for the hole and electron,
respectively41–44. Tbp and Tbn are hole and electron tunnelling
probabilities of the energy-barriers formed by the shell of QDs45.
μp0
QD and μn0QD are the hole and electron mobilities of QD layer at
an electric field F0 for Poole–Frenkel law25. The conduction and
valence energy-levels, (i.e. EC0S and EV0S, respectively) and the
thickness, ts, of the QD shell are considered in our simulation
model in order to compute the tunnelling probabilities associated
Fig. 1 Device configuration of QD-LED for the charge transport simulation. a Schematic illustration of device architecture. An indium tin
oxide (ITO), a poly(3,4-ethylenedioxythiophene)/poly (styrenesulfonate) (PEDOT:PSS), a poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-sec-
butylphenyl)diphenylamine)] (TFB), QDs, a zinc oxide (ZnO) and an aluminium (Al) are used for the anode, HIL, HTL, EML, ETL and cathode,
respectively. b Schematic pathways of possible current flow around the EML. c Flat-band energy-level diagram across the QD-LED device.
EC0
QD and EV0
QD are the LUMO and HOMO energy-levels of the QD core, and EC0
E and EV0
H are the conduction and valance band edges of ETL
and HTL, respectively. EC0S and EV0S are the conduction and valance band edges of the QD shell, respectively. dQD and ts are the diameter of
QD particle and the thickness of the QD shell, respectively.
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with the shell of QD layers (Supplementary Methods). Fp and Fn
are the electric fields at the HTL/QD and ETL/QD interfaces,
respectively, which have been completely neglected in the
previous studies29,30. pH and nE are the hole and electron densities
at the HTL and ETL surfaces facing QD layer, respectively, each of
which scales with the applied voltage and plays a role of a hole or
electron source, respectively, towards an adjacent QD layer. pQ1
and nQ2 are the hole and the electron densities at the centre of
outermost QD layers facing HTL and ETL, respectively. NQD is the
density of QDs obtained by the reciprocal of the volume of a
single QD particle. In this study, charge-injection mobilities for
holes, αp= σpTbpμp0QD, and for electrons, αn= σnTbnμn0QD, are
introduced to analyse the effect of the charge injection mismatch
on the charge balance in QD layers. With the given current
densities defined in each region of the device, the dynamic
motion of charge carriers is numerically simulated by solving the
continuity equations and Poisson’s equation, simultaneously. It
should be noted that in the treatment of charge transport
processes, as given in Eq. (1), we have dealt with detailed
transport processes between QD and charge transport layers of
HTL or ETL by taking into account both their electric-field
dependence and inter-site distances, which distinguishes, in part,
our model from the previous treatment and enables more
accurate description of QD-LED devices, as will be shown in the
following.
The flat-band energy-level diagram across the device is plotted
in Fig. 1c. The valance band offset ΔEV0 between HTL and QD core,
and the conduction band offset ΔEC0 between ETL and QD core,
are additionally considered to analyse the effect of charge
injection mismatch caused by the difference between the valance
and conduction band offsets. The band offsets are defined by
ΔEV0= EV0H− EV0QD and ΔEC0= EC0QD− EC0E. Here, EV0QD and
EC0QD are the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energy-levels of
QD core, and the EV0H and EC0E are the flat band edges of the
valance and conduction energy-levels of the HTL and ETL,
respectively. Then, the threshold voltage of QD-LED device is
theoretically predicted by Eq. (2) with the approximation of linear
distribution of a potential field in the EML region.
Vth ffi 2Mq max ΔEC0;ΔEV0ð Þ þ Vbi (2)
Here, Vbi is a built-in potential arising from the work-function
difference between the cathode and anode electrodes.
Simulation of charge transport in QD-LEDs
Figure 2 shows the internal distributions of various physical
quantities around the EML obtained from charge transport
simulation under various voltage configurations. A cadmium
selenide (CdSe) and a zinc sulphide (ZnS) are used as a core
and a shell material of the QD, respectively. All the simulation
parameters for QDs and charge transport layers used in the charge
transport model are summarised in Supplementary Tables 1 and 2.
The electrostatic potentials and their corresponding electric field
distributions under the bias voltage ranging from 0 V to 10 V for
every 2 V steps were computed based on our model and
demonstrated in Fig. 2a. As shown in the figure, the potential
linearly decreases only in the EML region, leading to a
concentrated electric field in the QD layers. Figure 2b shows the
valence and conduction band energy-levels around the EML
under different bias conditions. Below 4 V bias voltages, the
energy steps, which act as an obstacle to carrier injection, are
observed around z= 40 nm for holes on the valance-band side
and around z= 50 nm for electrons on the conduction-band side.
Figure 2c shows the steady-state distribution of carrier densities
around the EML under the bias voltage ranging from 0 V to 10 V
with every 2 V step. First, the holes and electrons are accumulated
at the surfaces of HTL and ETL due to the electric field built
between HTL and ETL. Under low bias voltages, the accumulated
carriers cannot be injected into the QD layers due to the energy
steps caused by band offsets. However, when the bias voltage
exceeds 4 V, the energy steps are finally suppressed with the help
Fig. 2 Internal distributions of physical quantities across the QD-LED device under applied voltages from 0 V to 10 V for every 2 V steps.
a Potential and electric field distributions. b Steady-state energy-level distributions of conduction and valance band around the EML.
c Distributions of the hole and electron densities around the EML. d Radiative, SRH and Auger recombination rates at each QD layers. Here, the
number of QD layersM is 2 and the diameter of the QD is 5 nm. The bandgap of the QD core is 2.28 eV for the light wavelength of 545 nm. The
LUMO and the HOMO levels of the QD core are −3.66 eV and −5.94 eV so that ΔEC0=ΔEV0= 0.34 eV, and the charge injection mobilities of
hole and electron, αp and αn, are both 3.0 × 10
−9 cm2 V−1 s−1 to balance the holes and electrons accumulated in QD layers.
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of the electrostatic potential and the charges are started to be
injected into the QD layers. After the charge injection, carriers
move further to the neighbouring QD layer by tunnelling process,
and then are blocked by the opposing energy barrier. Hence, the
charge carriers are accumulated at each of the QD layers to
generate EHPs which are recombined by radiative, SRH and Auger
processes. More detailed distribution of physical quantities across
the entire device are plotted in Supplementary Figures.
Figure 2d shows the spatial distributions of radiative (URAD), SRH
(USRH) and Auger (UAUG) recombination rates at each of QD layers
within the EML under the applied voltages ranging from 4 V to
10 V. Here, a Langevin recombination strength γ for the radiative
recombination rate is calculated to be 0.58 × 10−12 cm3 s−1 in the
simulation. For the computation of SRH and Auger recombination
rates in QD layers, the hole (τp) and electron (τn) SRH
recombination lifetimes, and the hole (Cp) and electron (Cn) Auger
capture probabilities, are assumed to be τp= τn= τ= 1.5 μs and
Cp= Cn= C= 1.0 × 10−30 cm6 s−1 (see Methods). At the voltage of
4 V, the SRH recombination process becomes dominant among
the various recombination process occurring in the QD layer.
However, as the voltage increases from 4 V to 10 V, the Auger
recombination rate increases by a factor of 55 when compared
with the results at 4 V (9.9 × 1022 cm−3 s−1), while the radiative
recombination rate becomes 15 times larger than the value at 4 V
(7.4 × 1022 cm−3 s−1) and the SRH recombination rate increases by
a factor of 4 (1.1 × 1023 cm−3 s−1 at 4 V). Considering that the EQE
of device is determined by the ratio of the radiative to the total
recombination rate, it is predicted that the EQE of QD-LED
decreases with high voltage applications, since the Auger
recombination rate increases much faster than the radiative
recombination rate.
Recombination processes and electro-optical properties
Figure 3a–f shows the simulated voltage dependencies of the
luminance, current density and EQE on the SRH lifetime, Auger
capture probability and the number of QD layers. As shown in the
figures, all the luminance values on a logarithmic scale increase
abruptly just after a certain threshold voltage, while all the current
densities on a linear scale monotonically increase. The effects of
the SRH lifetime and the Auger capture probability on the electro-
optical properties of the QD-LED devices are analysed in Fig. 3a–d.
Figure 3a–b shows current densities, luminance and EQE curves
simulated with different SRH recombination lifetimes τ ranging
from 0.5 μs to 10.0 μs, where the Auger recombination process is
neglected (C= 0 cm6 s−1). As shown in Fig. 3a, b, even though the
luminance and current density curves are not very sensitive to the
variation of the SRH lifetime, the slope of the EQE curve is
Fig. 3 Variations of the simulated voltage dependences of electro-optical properties of QD-LEDs. Luminance, current density and EQE
curves for a–b different SRH recombination lifetimes, for c–d different Auger capture probabilities and for e–f different number of QD layers in
EML. LEE is considered 20% for the calculation of the EQE curves. g TEM image of the cross-section of QD layer. The length of scale bar is
10 nm and the average diameter of QDs is estimated to be around 5 nm. h–i Luminance, current density and EQE curves obtained
experimentally from the green QD-LED samples fabricated in this study. The electro-optical characteristic curves show quite similar behaviours
to the simulated results.
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significantly affected by the SRH lifetime. When the SRH lifetime is
large enough to be over 5.0 μs (i.e. the non-radiative transition
due to the SRH recombination becomes very small), the EQE is
saturated to an optical light extraction efficiency (LEE) of the
device, in the absence of the other non-radiative transition route
of Auger recombination process.
Figure 3c–d shows the simulated current density, luminance
and EQE curves for Auger capture probabilities C varying from 0 to
20 × 10−31 cm6 s−1, while fixing the SRH recombination lifetime τ
to be 1.5 μs. In Fig. 3c, the luminance decreases significantly while
the current density increases slightly, as the Auger capture
probability increases. For EQE curves in Fig. 3d, when the Auger
capture probability is larger than 1.0 × 10−31 cm6 s−1, the EQE rolls
off once the EQE reaches its maximum value and the EQE drops
more severely as the Auger capture probability increases. There-
fore, it is found from our charge transport model that the EQE roll-
off, which is rather commonly observed in experiments can be
largely attributed to the strong activity of Auger recombination
process at high bias voltages9,10,14,15,17,23. The significance of the
Auger process is hence apparent from Fig. 3, thereby rationalising
(and necessitating) the inclusion of this recombination process as
a main non-radiative transition source in QD-LED charge-transport
modelling.
The effects of the number of QD layers, which is another crucial
parameter determining device performance, are also analysed by
our charge transport model (Fig. 3e, f). The recombination
parameters are set to be the same as the parameters used in
Fig. 2d. For M= 2, the luminance and current density at 10 V are
127,226 cd m−2 and 0.83 A cm−2, respectively, and the threshold
voltage is obtained to be 2.2 V according to the simulation. As can
be predicted from Eq. (2), the threshold voltage rises by around
0.7 V and the luminance decreases by half, as the number of QD
layers increases. From the EQE curve for M= 2, the maximum EQE
is observed to be 5.2% at 4.1 V, and the EQE drops to 3.2% at 10 V
due to the Auger recombination process in the QD layer, as
illustrated in Fig. 3d. The EQE curves become less steep as the
number of QD layers increases, which can be ascribed to the
thickness effect on the electric field.
To compare the theoretical predictions with experimental
results, three samples of green QD-LED devices were fabricated
under the same device condition (Fig. 3g–i). In Fig. 3g, the
transmission electronic microscopy (TEM) image shows that about
two QD layers are formed between HTL and ETL, corresponding to
the assumption of M= 2 taken in our simulations. Figure 3h, i
shows the experimental current density, luminance and EQE
curves for the three green QD-LEDs fabricated in this study. From
Fig. 3h, the experimental luminance and current density at 10 V
are found to be around 86,000 cdm−2 and 0.84 A cm−2, respec-
tively, with the threshold voltage of 2.3 V, whose values turn out to
be very similar to the predicted values from our simulation
models. In Fig. 3i, the maximum EQE of 4.7% at 3.5 V is observed
experimentally and the EQE drops to 2.2% at 10 V from the
maximum. It is significant that the shape of luminance, current
density and EQE curves obtained from experiment can be
described rather quantitively, as described in Fig. 3, indicating
that our charge-transport model with selected physical para-
meters seems to be capable of reproducing most of the essential
experimental data necessary for characterising device
performance.
Charge balance in QD-LEDs
To gain a comprehensive understanding of the relationship
between experimental results and relevant device configurations,
the change of the EQE curve under various charge balance
conditions is analysed through our simulation models. Figure 4a–c
shows the typical shapes of EQE curves (types I, II and III) obtained
from various experimental conditions. As illustrated in Fig. 4a–c,
the shape of EQE curves strongly depends on device architectures
or experimental conditions, and the major factors determining its
shape can be quantitatively analysed by our charge transport
model. The precise understanding of the relationship between the
shape of EQE curves and shape-determining factors is important,
as it can indicate a direct qualitative measure of charge imbalance
present in device, as will be discussed in detail in the following.
Here, the mismatch of charge injection mobilities, αp and αn, and
the mismatch of the band offsets, ΔEC0 and ΔEV0, are examined as
major candidate factors determining the charge balance in the QD
layers33.
First, the charge injection is assumed to be perfectly matched,
i.e. αp= αn= 3.0 × 10−9 cm2 V−1 s−1 (αp:αn= 1.0:1.0) and ΔEV0=
ΔEC0= 0.34 eV (ΔEV0− ΔEC0= 0 eV), as shown in Fig. 4d–f. Here,
the number of QD layer M is assumed to be 3. For the charge-
balanced condition (Fig. 4d), the hole and electron densities at QD
become similar to each other as the voltage increases. The slight
difference between hole and electron densities is caused by the
difference in the dielectric constants of ETL and HTL, and by other
minor material properties. As the voltage increases, SRH, radiative
and Auger recombination rates are activated in the order shown in
Fig. 4e, but the Auger recombination rate overtakes the other
recombination rates after 6.7 V bias voltage. Therefore, in the
charge-balanced condition, the voltage at the maximum EQE is
obtained to be 6.7 V (Fig. 4f) and the EQE drops slowly after the
voltage at the maximum EQE. Here, the threshold voltage is
observed to be 2.9 V in the charge-balanced condition.
However, when the charge injection is unbalanced (Fig. 4g–i) by
the difference in the charge injection mobilities, that is, αp ≠ αn (αp:
αn= 0.5:1.5 for electron-rich and 1.5:0.5 for hole-rich conditions)
with ΔEV0= ΔEC0, the majority carrier density is 100 times larger
than the minority carrier density (Fig. 4g). In Fig. 4h, due to the
large charge density difference, the Auger recombination rate
overtakes the other recombination rates at 4 V, which is lower
than the voltage at the maximum EQE in the charge-balanced
condition (Fig. 4e). Hence, the EQE quickly reaches the maximum
at 4 V and drops rapidly as the voltage further increases, resulting
in a steeper curve compared to the case of the charge-balanced
condition (Fig. 4i).
On the other hand, when the charge injection is unbalanced
(Fig. 4j–l) by the difference in the band offsets, that is, ΔEV0 ≠ΔEC0
(ΔEV0− ΔEC0=−0.4 eV for hole-rich and ΔEV0− ΔEC0=+0.4 eV for
electron-rich cases), while the charge injection mobilities are the
same (αp= αn), the difference between the hole and electron
densities become more significant (Fig. 4j). This is because charge
carriers crossing a smaller band offset can be more easily injected
into the QD layer than the carriers crossing a larger band offset. The
threshold voltage is measured to be 4.1 V, which is 1.2 V larger than
that for the charge-balanced condition (Vth= 2.9 V in Fig. 4d–f) due
to the difference in the band offsets. Owing to the extremely large
carrier density at the threshold voltage, the Auger recombination
overtakes the other recombination rate just after the threshold
voltage (Fig. 4k). Consequently, the EQE is peaked near the threshold
voltage and abruptly decreases with further increase in bias voltage,
as plotted with black lines in Fig. 4l. In this simulation condition,
since the radiative recombination rate increases slightly faster than
the Auger recombination rate at high voltage range, the EQE also
increases slightly in this high voltage range. The EQE curves for more
complicated unbalanced-charge injection conditions, where αp ≠ αn
and at the same time ΔEV0 ≠ΔEC0, are also plotted in Fig. 4l. When
the charge injection is extremely unbalanced, the EQE keeps
decreasing after reaching its maximum value, resulting in a EQE
curve similar to the type III (Fig. 4c).
Charge transport model and experimental results
To emulate experimentally measured electro-optical characteris-
tics of QD-LEDs via our charge transport simulations, we fabricated
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a set of red, green and blue QD-LED devices. The electro-optical
characteristics of the QD-LEDs obtained from the experiments are
plotted in Fig. 5a, b. The inset in Fig. 5a shows the snapshots of the
fabricated red, green and blue QD-LEDs. The CdSe/ZnS core/shell
red and green QDs with their diameters of 7 nm and 5 nm,
respectively, are used for red and green QD-LED devices46, and
cadmium zinc sulphide (CdZnS)/ZnS QDs with its diameter of
10.8 nm is used for the blue QD-LED devices. From Fig. 5a, the
luminance values of red, green and blue QD-LED devices are
measured to be 31,230 cdm−2 at 6.0 V, 79,520 cdm−2 at 7.6 V and
1423 cdm−2 at 8.0 V, respectively, while their threshold voltages
are observed to be 1.8, 2.2 and 4.0 V, respectively. The maximum
EQEs are found to be 10.5% at 4.0 V, 7.7% at 3.8 V and 1.6% at
5.4 V, respectively, and their EQEs slightly drop to 10.0% at 6.0 V,
6.5% at 7.6 V and 1.2% at 8.0 V for the respective devices (Fig. 5b).
Figure 5c, d shows the luminance, current density and EQE
curves emulated by our charge transport simulation model with
adjusted material and device parameters. The simulation
Fig. 4 Changes of the EQE curve according to the various charge balance conditions. a–c Typical EQE curves obtained by experiments for
the various device and process conditions. Voltage dependences of d hole and electron densities, e radiative, SRH and Auger recombination
rates and f EQE curves for the charge-balanced condition that αp= αn with ΔEV0=ΔEC0. Voltage dependences of g hole and electron
densities, h radiative, SRH and Auger recombination rates and i EQE curves for the condition that αp ≠ αn (αp:αn= 0.5:1.5 for electron-rich and
1.5:0.5 for hole-rich conditions) with ΔEV0=ΔEC0. Voltage dependences of j hole and electron densities, k radiative, SRH and Auger
recombination rates and l EQE curves for the condition that ΔEV0 ≠ΔEC0 (ΔEV0−ΔEC0=+0.4 eV for electron-rich and ΔEV0−ΔEC0=−0.4 eV
for hole-rich conditions).
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parameters for each of the fabricated red, green and blue QD-
LEDs are summarised in Table 1. The simulated luminance curves
for red, green and blue QD-LED devices (Fig. 5c) exhibit the
luminance values of 25,867 cdm−2 at 6.0 V, 72,905 cdm−2 at 7.6 V
and 1633 cdm−2 at 8.0 V, respectively, with the threshold voltages
of 1.6, 2.2 and 4.1 V for each device. The maximum EQE values (Fig.
5d) are found to be 10.5% at 3.6 V, 7.7% at 3.8 V and 1.5% at 5.6 V,
and the EQEs drop to 9.1% at 6 V, 5.6% at 7.6 V and 1.2% at 8.0 V
for the red, green and blue QD-LED devices, respectively. As
shown in the figures, for all the QD-LED devices the simulated
EQE, luminance and current density curves coincide very well with
the experimental results, and their quantitative values are also
comparable to the experimental results.
Finally, the deviation of EQE curves with respect to QD size
distributions is analysed statistically by our charge transport
model. The particle size of CdZnS/ZnS core/shell QDs for blue QD-
LED device was measured by TEM (Fig. 5e). The average particle
size is found to be 10.8 nm, ranging from 7.5 nm to 13.0 nm (the
inset in Fig. 5e). For all the measured sizes of QD particles, the EQE
curves are simulated, and the variation of EQE curves within the
standard deviation (σ) range is plotted in Fig. 5f as a grey-coloured
area. Also, the simulated EQE curve (black) averaged over the
varying sizes of QDs and the experimental EQE curve (blue) are
compared in Fig. 5f. The experimental one resides within ± σ range
of the simulated EQE variation. Considering that the experimental
EQE curve comes from an ensemble of QDs with varying sizes, the
data in Fig. 5f indicates that our charge transport model seems to
Fig. 5 Comparisons of the simulated and experimental electro-optical characteristics of red, green and blue QD-LED devices. Based on
the same device architecture, red (628 nm), green (545 nm) and blue (465 nm) QDs having the optical bandgaps of 1.97, 2.28 and 2.67 eV are
used for the simulation, respectively. a Luminance and current density curves and b EQE curves measured from the fabricated red, green and
blue QD-LEDs. Insets are snapshots of the fabricated red, green and blue QD-LED devices. c Luminance and current density curves and d EQE
curves of the red, green and blue QD-LED devices emulated by the charge transport simulation model. e TEM image of the blue QDs. Inset is
the histogram of the blue QD particle size. f Variation of simulated EQE curves within the standard deviation (σ) range for the measured
particle size distribution.
Table 1. Parameters for the charge transport simulation to emulate the experimental curves of red, green and blue QD-LED devices fabricated in
this study.
Simulation parameters of QDs Device
Red (λ0= 628 nm) Green (λ0= 545 nm) Blue (λ0= 465 nm)
Materials (core/shell) CdSe/ZnS CdSe/ZnS CdZnS/ZnS
LUMO [eV] −3.82 −3.66 −3.47
Bandgap, EGQD [eV] 1.97 2.28 2.67
Diameter [nm] 7.0 5.0 10.8
Number of QD layer, M 2 2 3
SRH time constant, τp= τn [μs] 4.0 3.0 1.1
Auger probability, Cp= Cn [cm6 s−1] 2.8 × 10−31 6.3 × 10−31 130.0 × 10−31
Charge injection mobility, αp= αn [cm2 V−1 s−1] 1.15 × 10−8 2.26 × 10−9 1.45 × 10−7
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be able to take the effect of QD size distributions into account in
QD-LED device modelling, which may become important, in
particular, for the case where the size distribution of QD is broad.
From Fig. 5, it is clearly noticed that the luminance, current
densities and EQE curves obtained from our charge transport
model nicely emulate the underlying features of experimental
curves, including the presence of threshold voltage and the
emergence of a peak in EQE curves. As already emphasised in the
previous sections, the central aspects of the current charge
transport model, enabling accurate description of electro-optical
properties, amounts to the comprehensive treatment of charge
transport processes between almost all the device components,
and of the radiative and non-radiative transition processes
occurring at emitting QD layers. The important parameters
determining, for instance, the EQE curves, identified from a
comparison with experimentally measured EQE curves, are the
SRH and Auger recombination processes that constitute the major
non-radiative transition routes. The shape of EQE curve then
depends differently on the strength of applied bias voltages: at
voltages slightly higher than a threshold voltage, the SRH
recombination process plays an important role, but at higher
voltages the Auger non-radiative recombination route becomes
dominant. As a result of the latter process, which takes place in
common for every device, EQE curves show a maximum at a peak
voltage, which is device-dependent, and then diminish for the
voltage higher than the peak voltage. The maximum EQE value at
a peak voltage naturally relies on the balance between the SRH
and Auger recombination rates. The difference in conduction or
valence energy levels of constituting device materials (notably,
QD, ETL and HTL), along with associated contrast in charge-carrier
injection mobilities, also significantly affects the EQE curve, both
of which might be comprehensively discussed in terms of charge
imbalance present in the EML of devices. The impacts of the
device or material parameters on the other electro-optical
properties, such as current densities or luminescence spectra,
could be also revealed within our simulation framework. Hence,
the current study demonstrates the potential that both materials
and device architectures of QD-LEDs can be designed and
optimised by computer simulations based on the charge transport
model proposed in this study.
DISCUSSION
In this study, a device simulation model that describes the charge-
carrier transport across a QD-LED has been demonstrated. With
this model, various electro-optical properties of QD-LEDs were
thoroughly analysed by performing computer simulations with
varied material and device parameters. The charge-carrier injec-
tions from the transport layer to the QD layer are described by the
carrier-capturing process of the QDs, together with the considera-
tion of the band offsets between the transport and QD layers. The
voltage-dependant electro-optical characteristic curves, such as
luminance, current density and EQE curves, were analysed by
varying SRH recombination lifetime, Auger capture probability and
the number of QD layers in the emissive layer. From the
simulation, it was numerically found that the maximum EQE
values and the roll-off of the EQE are strongly affected by the SRH
recombination lifetime and Auger capture probability. The
threshold voltage of QD-LEDs is, on the other hand, determined
by the number of QD layers and the difference of band offsets
between QD and transport layers. The effects of charge balance
conditions were also analysed by the charge transport model, and
typical types of EQE curves for various experimental conditions
were clearly explained by the simulation in terms of the charge
balances.
To validate our simulation model through the comparison with
experimental results, red, green and blue QD-LED devices were
fabricated via solution process. The comparison reveals that our
simulation model is capable of reproducing all the characteristic
features of experimental data, including the shape of the graph.
Considering the excellent agreement with computational results
and experimental data, our proposed charge transport model may
provide a useful pathway for understanding, optimising or even
designing materials and device architectures for high-
performance QD-LEDs by computer simulations.
METHODS
Charge transport model of QD-LEDs
Assuming that all the layers are stacked along the z-axis and all the
variables are invariant to x- and y-axes in Cartesian coordinate system,
carrier transport within the device at a given time t can be described by
the following set of time-dependent continuity equations for the hole and
electron densities, p(z, t) and n(z, t).
∂p
∂t ¼  1q ∂Jp∂z  U;
∂n
∂t ¼ 1q ∂Jn∂z  U:
(3)
Here, Jp and Jn are the current densities of the hole and electron, and U is a
recombination rate of the carriers, respectively. Among the current
densities depicted in Fig. 1b, the drift-diffusion current densities of the
hole and electron, JpD and JnD, are described by the sum of the drift and
diffusion current densities as expressed in Eq. (4)28.
JDp ¼ qμppFp  μpkBT ∂p∂z ;
JDn ¼ qμnnFn þ μnkBT ∂n∂z :
(4)
Here, μp and μn are the hole and electron mobilities in the given
semiconductors, Fp and Fn are electric fields acting on the hole and
electron. The electric fields are obtained from the gradients of the energy
distributions of conduction and valence bands in conjunction with the
potential distribution induced by the voltage applied to the QD-LEDs. kB is
the Boltzmann constant and T is the absolute temperature of the device.
The tunnelling current densities of the hole and electron, depicted in
Fig. 1b, are described by the carrier exchanges from tunnelling process
between two adjacent QDs as described in Eq. (5)29.
JTp ¼ qνpdQD pmþ1  pmð Þ
JTn ¼ qνndQD nmþ1  nmð Þ
(5)
Here, νp and νn are tunnelling frequencies of the hole and electron
oscillating between two QDs (Supplementary Methods). dQD is the
diameter of QD, and pm+1, pm, nm+1 and nm are the hole and electron
densities at the QD layer indexed with m and m+1.
In Eqs. (1) and (4), the electric field intensity Fp and Fn can be calculated
by the derivatives of conduction and valence energy-levels, such that Fp=
(1/q)∂EC(z)/∂z and Fn= (1/q)∂EV(z)/∂z, where the EC(z)= EC0(z) ‒ qφ(z) and
EV(z)= EV0(z) ‒ qφ(z), respectively, from the electrostatic potential φ(z)
across the device. EC0(z) and EV0(z) are the flat-band energy-level
distributions of conduction and valence bands which are plotted in









¼ q p nþ Nþd  Na
 
(6)
Here, ε0 and εr are the permittivity of free space and the dielectric constant
of a given material, respectively. Nd+ and Na− are the donor and acceptor
doping densities of semiconductor layers, respectively.
The recombination rate U in Eq. (3) is defined by the sum of SRH
recombination rate USRH, Auger recombination rate UAUG and radiative
recombination rate URAD28,29,34,35,47. As non-radiative recombination rates,
the SRH and Auger recombination rates are expressed as the following
equations.
USRH ¼ pn n
2
i
τn pþ nið Þ þ τp nþ nið Þ (7)





Here, ni is an intrinsic carrier density of the given material. τp and τn are the
hole and electron SRH recombination lifetimes, and Cp and Cn are the hole
and electron Auger capture probabilities, respectively36,37,48. The radiative
recombination is only valid within the EML region and expressed as the
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following equation.
URAD ¼ γ pn n2i
 
(9)
Here, γ is the Langevin recombination strength which is calculated from
γ= q(μp0QD+μn0QD)/ (εrQDε0) with the hole and electron mobilities and the
permittivity of QD layer47,49.
Boundary conditions
As boundary conditions of the continuity equation, Dirichlet boundary
condition is used to describe the carrier densities on the metal contacts of
the semiconductor. The hole and electron densities at the metal contact
surface of the semiconductor, ps, ns are described by Eq. (10).
ps ¼ ni;s exp ϕm  χ þ EG=2ð Þ½ = kBTð Þf g
ns ¼ ni;s exp  ϕm  χ þ EG=2ð Þ½ = kBTð Þf g
(10)
Here, ni,s is the intrinsic carrier density of the semiconductor, where s
denotes the boundary surface of metal contact. ϕm is the work-function of
the metal electrode, χ and EG are the electron affinity and the energy
bandgap of the given semiconductor. Once the boundary conditions of
the hole and electron densities for the continuity equations are
determined, the Dirichlet boundary condition is also used for solving the
potential distribution function from the Poisson’s equation in Eq. (6).
Assuming the cathode is connected to the ground, the potential value at
the surface interfacing the anode electrode is determined to Vappl – Vbi
with the applied voltage Vappl and the built-in potential Vbi. The built-in
potential is given by Vbi= (ϕm,a – ϕm,c)/q for the work-functions of the
anode and cathode metals, ϕm,a, ϕm,c, respectively.
Optimal LUMO level of QD
In order to minimise the threshold voltage of the QD-LED device, along
with satisfying the charge balance between the hole and electron, the
band offsets between QD and charge transport layers need to be the same
(ΔEV0= ΔEC0), according to Eq. (2). The optimal LUMO level of QD core for








Here, EGQD is the optical bandgap of QD core, and EV0H and EC0E are
aforementioned valance band edge of HTL and conduction band edge of
ETL, respectively.
Material and device parameters
The thicknesses of the HIL, HTL and ETL are considered to have 20, 20 and
40 nm, respectively. The dielectric constants εr of HIL, HTL and ETL for the
computation of the potential distribution are 3.0, 3.5 and 8.5, respectively.
The hole and electron mobilities of QD, μp0QD and μn0QD, are assumed to
be 1.0 × 10−6 cm2 V−1 s−1 and 2.0 × 10−6 cm2 V−1 s−1, respectively. The
Langevin recombination strength is calculated to be 0.58 × 10−12 cm3 s−1
in the simulation47. The diameter of green and red CdSe/ZnS QD are
assumped to be 5 and 7 nm, respectively46. The thickness of the ZnS shell
is also assumped to be 0.5 nm. The energy-levels of conduction and
valence bands for the ZnS shell are −3.28 and −6.82 eV, respectively50. The
built-in potential Vbi is 0.64 V from the work-function difference between
anode and cathode electrodes. The dielectric constants51–53, carrier
mobilities51,54,55, doping conditions29,31,56, electron affinities and work-
functions31,57–59 of the anode electrode, HIL, HTL, ETL and cathode
electrode were appropriately chosen from the references. All the
simulation parameters for QDs and charge transport layers used in the
charge transport model are summarised in Supplementary Tables.
Characterisation of electro-optical properties
The EQE representing the electro-optical properties is calculated by the
ratio of radiative recombination rate, RRAD, out of total recombination rate
over the entire QD-LED, RTOT, as expressed in Eq. (12) with LEE of the given
QD-LED device.





URAD þ USRH þ UAUGdz (12)
Here, the LEE was assumed to be 20% in the simulation. The total radiative
recombination rate RRAD and total recombination rate RTOT are calculated
by integrating URAD over the EML region and by integrating U= URAD+
USRH+ UAUG over the entire region of the device. The luminance of the
electroluminescence-based QD-LEDs are directly calculated from the total
radiative recombination rate RRAD. Assuming that the emitted light has the
forms of Gaussian distribution for wavelength and Lambertian distribution
for polar emission angle, the spectral radiance Le(λ) is expressed as the
following equation.















The distribution of the spectral radiance is derived from the assumption
which the integral of the spectral radiance by the wavelength and solid
angle over the visible range and hemisphere equals to the total optical
power of light emitted from the QD-LED device. EGQD is the optical
bandgap of QD, λ and λ0 are the wavelength of emitted light and the peak
wavelength of the given QD, respectively. Then, the luminance of the QD-
LED device Lv is obtained from the following Eq. (14) for the photopic
luminosity function y λð Þ.
Lv ¼ 683:002 lm=Wð Þ
Z 780
380
y λð ÞLe λð Þdλ (14)
Fabrication of QD-LED
In order to compare the simulation results with experiments, red, green
and blue QD-LEDs are fabricated by the solution process with the
hexane-based colloidal QD solution of 12.5 mg ml−1 concentration. The
CdSe/ZnS red and green QDs are purchased from Xingshuo Nanotech
Co., Ltd., and the CdZnS/ZnS blue QDs are synthesised in the
laboratory32. The solution phase of PEDOT:PSS (Al 4083), TFB (8 mg
ml−1 in chlorobenzene), magnesium-doped ZnO (70 mgml−1 in butanol)
are used for the materials of HIL, HTL and ETL, respectively. After cleaning
the patterned ITO glass substrate, PEDOT:PSS layer is spin-coated at 3000
revolution per minute (rpm) spin-speed and annealed at 150 °C on the
hot plate for 30 min. Subsequently, TFB precursor is spin-coated at
3000 rpm spin-speed and annealed at 130 °C on the hot plate for 30 min.
The QD and ZnO layers are sequentially formed on the TFB layer by spin-
casting under each spin-speed of 3000 and 4000 rpms and annealed at
110 °C on the hot plate for 15 min, respectively. Finally, the aluminium
layer is deposited on the ZnO surface to form a cathode electrode by a
thermal evaporation process.
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